Oblique incidence reflectometry is a simple and accurate method for measuring the absorption and the reduced-scattering coefficients of turbid media. We used this technique to deduce absorption and reduced-scattering spectra from wavelength-resolved measurements of the relative diffuse reflectance profile of white light as a function of source-detector distance. In this study, we measured the absorption and the reduced-scattering coefficients of chicken breast tissue in the visible range ͑400 -800 nm͒ with the oblique incidence probe oriented at 0°and 90°relative to the muscle fibers. We found that the deduced optical properties varied with the probe orientation. Measurements on homogenized chicken breast tissue yielded an absorption spectrum comparable with the average of the absorption spectra for 0°and 90°probe orientations measured on the unhomogenized tissue. The reduced-scattering spectrum for homogeneous tissue was greater than that acquired for unhomogenized tissue taken at either probe orientation. This experiment demonstrated the application of oblique-incidence, fiber-optic reflectometry to measurements on biological tissues and the effect of tissue structural anisotropy on optical properties.
Introduction
In this paper, we present the continued research for measuring optical properties of turbid media with oblique-incidence reflectometry. Wang and Jacques 1 first presented this method as a means of measuring the reduced-scattering coefficient of biological tissues at a single wavelength, and Lin et al. 2, 3 have demonstrated that absorption and reduced-scattering spectra can be easily obtained with this method and with an accuracy of 10% and 5%, respectively. Our current research is aimed at investigating the effect of muscle fiber alignment on optical properties and testing our probe on biological tissues.
It is important to know the optical properties of tissues to dose light delivery properly in therapeutic procedures, such as photocoagulation or photodynamic therapy. Also, the optical properties themselves can potentially provide enough information to monitor tissue metabolic status or diagnose disease, particularly cancer. 4 -6 This is because light in the visible and the near infrared interacts with the subcellular components of tissue. Therefore characteristic changes in tissue optical properties at particular wavelengths could be indicative of disease. Measuring the optical properties, the absorption coefficient ͑ a ͒ and the reduced-scattering coefficient ͑ s Ј͒, of biological tissues noninvasively, in vivo, and in real time remains a problem in the field of biomedical optics. Other techniques have been developed to measure tissue optical properties. The most common method is the integrating sphere measurement, but this technique requires the removal of a thin slice of tissue and is therefore invasive. 7 Another technique, normal-incidence video reflectometry, provides a noninvasive approach to determine optical properties but requires a measurement of both the spatial distribution of diffuse reflectance and the total diffuse reflectance at each wavelength. 8 Normalincidence reflectometry has also been implemented with optical fibers. 9, 10 In contrast, oblique-incidence reflectometry requires only a measurement of the relative profile of the spatial distribution of diffuse re-flectance. In this paper we used the technique of oblique-incidence reflectometry on chicken skeletal muscle tissue at different angles with respect to the muscle fiber orientation to determine its effect on our deduced tissue optical properties.
Methods and Materials

A. Experimental
The experimental system is drawn schematically in Fig. 1 . White light ͑Dolan-Jenner Industries, FiberLite High Intensity Illuminator 170-D͒ was delivered, and the diffuse reflectance was collected with a fiber-optic probe made from black delrin and 600-m diameter, low-loss optical fibers. The source fiber was oriented at a 45°angle of incidence, and the nine collection fibers, arranged in a linear array, collected the diffuse reflectance. To correct for slight variations in collection efficiency from one detection fiber to the next, a correction factor was calculated for each fiber based on a calibration procedure with standard phantoms. 2 The detection system was an optical multichannel analyzer ͑OMA͒ that utilized a spectrograph ͑Instruments S.A., HR320͒, an intensified CCD camera ͑Princeton Instrument Inc., TRY-700G͞ RAR͞R͒, and a Macintosh computer to record automatically the spectrum of the collected light through the wavelength range of 400 -800 nm.
Frozen, raw, chicken breasts were allowed to thaw at room temperature for 20 min. The skin and fat were removed, and the chicken breasts were cut so as to have only one muscle fiber orientation per piece. The pieces were stacked in a small black container with the muscle fibers aligned ͓Fig. 2͑a͔͒. The container was then filled with a small amount of microscope immersion oil ͑n ϭ 1.5105͒ to ensure good coupling between the probe and the chicken breast. An exposed x-ray film was placed on top of the chicken tissue to approximate a matched boundary condition for diffusion theory. 11 Four measurements each were performed with the probe oriented at 0°͑parallel͒ and 90°͑perpendicular͒ relative to the muscle fibers ͓Fig. 2͑b͔͒. Absorption and reducedscattering spectra were evaluated for each diffuse reflectance measurement, and the results for each probe orientation were averaged.
After the measurements, all the chicken breasts were blended with a blender until the purée appeared homogeneous by visual inspection. We placed the purée back in the black container making sure no air or oil pockets were created by the blending. Then four measurements at each probe orientation were performed again.
B. Theoretical
In this section we summarize, for completeness, the theory behind our method described in detail by Lin et al. 2 When light enters a semi-infinite tissue, it will generally scatter a number of times before either being absorbed or escaping the tissue surface. This scattered light that escapes is called diffuse reflectance. The calculation of absorption coefficient in our method was derived from a diffusion-theory- Fig. 1 . Schematic of experimental apparatus. White light was coupled to the oblique-incidence optical fiber probe. A source fiber delivered light to the chicken breast tissue at an angle of 45°, and the diffuse reflectance was collected by nine collection fibers. All fibers were encased to form a hand-held probe. The core diameter of the fibers was 600 m with an index of refraction of 1.46. The index of refraction of chicken breast tissue was 1.37. The angle of refraction was computed to be 48.9°. The collected diffuse reflectance was analyzed and its spectrum recorded with the OMA. based model of diffuse reflectance, 12 although the calculation of the diffusion constant was independent of diffusion theory. 1, 2 This diffusion-theory model does not accurately model near diffuse reflectance, i.e., reflectance that falls within the range of 1-2 transport mean free paths of the source. 13 This problem can be avoided by using only the far diffuse reflectance, i.e., reflectance that falls beyond the range of 1-2 transport mean free path of the source.
For normally incident light, the spatial distribution of diffuse reflectance from a semi-infinite turbid medium has been modeled by two isotropic point sources: one positive source located below the tissue surface and one negative image source above the tissue surface. 12 If light is delivered obliquely, the positive source is buried at the same distance from the point of incidence but with a depth modified by Snell's law. Wang and Jacques 1 found the distance of the buried source to the point of incidence to be most accurately determined by
where D is defined as the diffusion coefficient, 2 a the absorption coefficient, and s Ј the reduced-scattering coefficient. Therefore the fundamental difference between normal-and oblique-incidence is a shift in the positions of the point sources in the x direction ͑Fig. 3͒. This shift, ⌬x, is
where n is the relative index of refraction, ␣ i is the angle of incidence, and ␣ t is the angle of refraction. The relative index of refraction is unity for a matched boundary.
The modified dipole source diffusion-theory model gives diffuse reflectance
where 1 and 2 are the distances from the two point sources to the point of interest, z b is the distance between the virtual boundary and the surface of the tissue,
where A is unity for a matched boundary, ⌬z is the depth of the positive point source,
and eff is the effective attenuation coefficient
Equation ͑3͒ can be scaled to fit a relative reflectance profile. Therefore the first step in our procedure was to measure the diffuse reflectance profile with our fiberoptic probe. We used white light for a multiwavelength measurement. The light collected by each detection fiber was input to the OMA for spectral resolution. Because we determine the spectrum collected by each fiber, we have in fact measured the spatial distribution of diffuse reflectance at many wavelengths simultaneously ͓Fig. 4͑a͔͒. Thus the reflectance profile at any wavelength can be extracted and analyzed to deduce the optical properties at that wavelength ͓Fig. 4͑b͔͒.
Once the position of the center of far diffuse reflectance relative to the light entry point ͑⌬x͒ was found, the diffusion coefficient was calculated from
Then a nonlinear least-squares fit to Eq. ͑3͒ with the Levenberg-Marquardt method 14 yielded the effective attenuation coefficient, eff . Equations ͑1͒, ͑2͒, and ͑6͒ were used to compute a and s Ј as follows:
Results
As shown in Fig. 5 , we could measure the full visible spectrum of the average absorption coefficient ͑ a ͒ and reduced-scattering coefficient ͑ s Ј͒ for both probe orientations. In Fig. 5͑a͒ , we also included the scaled absorption coefficient of deoxyhemoglobin for comparison. Two peaks at approximately 430 and 550 nm were observed in all three absorption curves. The absorption coefficient was consistently lower at 0°than that at 90°. The reduced-scattering coefficient curves peaked at approximately 450 nm, then decreased smoothly with increasing wavelength ͓Fig. 5͑b͔͒. The 90°curve had a lower s Ј than the 0°c urve below the crossover wavelength at approximately 585 nm.
The average absorption and reduced-scattering coefficients for the homogenized chicken tissue are plotted in Fig. 6 . Figure 6͑a͒ shows two absorption peaks at 430 and 540 nm, and Fig. 6͑b͒ shows a reduced-scattering coefficient peak at the 450-nm wavelength. The absorption coefficient of the homogenized chicken tissue was approximately equal to the average of the absorption coefficients for 0°and 90°probe orientations. We also found that the reduced-scattering coefficient for homogenized tissue was higher than that for either 0°or 90°probe orientation. Figure 7 shows the average absorption and reducedscattering coefficients at 0°for two different samples. The absorption and the reduced-scattering coefficients varied from sample to sample. However, the patterns seen in Fig. 5 held for each independent sample.
Discussion and Conclusions
Oblique-incidence reflectometry can quickly, inexpensively, and noninvasively measure the absorption and the reduced-scattering coefficients of turbid media. We accomplished the multiwavelength measurements by replacing a monochromatic light source with a white-light source. In our experiments, we used chicken breast as a prelude to clinical studies. We hoped to determine the effect of anisotropically structured media, such as muscle, on the optical properties of tissues. Chicken breast was chosen because it has good muscle orientation, can be virtually fat-free, and may be consistently prepared. Fig. 4 . ͑a͒ Spectra of the spatially distributed diffuse reflectance between 400 and 800 nm of chicken breast tissue with the fiber probe oriented at 0°with respect to the muscle fiber orientation. Each line on the figure represents the spectrum collected by one of the nine collection fibers. There were no detection fibers between Ϫ0.92 and ϩ0.19 cm. ͑b͒ Example of one spectral slice at 632.4 nm through our chicken tissue data at 0°probe orientation relative to the muscle fiber orientation. Note the obliquely incident light and the shift in the center of diffuse reflectance, ⌬x. Fig. 5 . ͑a͒ Absorption spectra of chicken breast tissue with the probe aligned at 0°͑parallel͒ and 90°͑perpendicular͒ with respect to the muscle fiber orientation. The absorption spectrum of deoxyhemoglobin is also plotted. The values for deoxyhemoglobin are relative; its use in this graph is to show its similarities with our measured absorption spectra. ͑b͒ The reduced-scattering spectra with the probe aligned at 0°and 90°with respect to the muscle fiber orientation. The coefficient decreased smoothly with increase in wavelength beyond a peak at approximately 450 nm.
Note that the minimal observed absorption coefficient was 0.06 cm Ϫ1 and that the minimal reduced-scattering coefficient was 1.5 cm
Ϫ1
. The corresponding maximum penetration depth was 1.9 cm. Therefore the 10-cm dimension of the container was much greater than the penetration depth, and the tissue sample may be considered semi-infinite as assumed in the theoretical modeling of the diffuse reflectance.
As shown in Fig. 5 , there were differences in the absorption and the reduced-scattering coefficients due to changes in the probe orientation. The absorption and the reduced-scattering coefficients had an average of 17% and 6% error, respectively, for both probe orientations. An interesting observation was that our absorption spectra matched the peaks of the previously published deoxyhemoglobin absorption spectrum ͓Fig. 5͑a͔͒. The double peaks in the measured absorption spectra should be caused by some residual hemoglobin in the chicken breast tissue. Since the measured peak absorption coefficients were not proportional to the corresponding peaks of hemoglobin, there must be some other absorbers in the chicken muscle tissue that had contributed to the absorption spectra. It was unclear to what extent the effect of myoglobin was present in the measured absorption spectra. However, myoglobin has absorption maxima for horses at 435 and 560 nm and for whales at 434 and 556 nm and probably had contributed to the spectrum also. 15 The reduced-scattering spectra showed a peak at 450 nm. The slope of the reduced-scattering coefficient above 450 nm was related to Rayleigh scattering for which the wavelength was much greater than the dimension of the scatterers. The slope below 450 nm was a result of the wavelength being comparable with the dimension of the scatterers. The scattering coefficient, calculated with the Mie theory for spherical scatterers, 16 ,17 oscillated when the particle size became comparable to the wavelength. Although the scatterers in chicken muscle tissue cannot be considered as spherical particles, the Mie theory helped in understanding the deviation of the reducedscattering coefficient from the monotonic increase with decreasing wavelength.
The anisotropy in the measured absorption and reduced-scattering coefficients was related to the structural anisotropy in the chicken breast tissue caused by the alignment of muscle fibers. The relative difference in the measured absorption coeffi- Fig. 6 . ͑a͒ Absorption coefficient spectrum for homogenized chicken tissue was approximately equal to the average of the absorption coefficients for 0°and 90°probe orientation. ͑b͒ The reduced-scattering coefficient spectrum for homogenized chicken breast tissue was greater than those for either 0°or 90°probe orientation. Fig. 7 . ͑a͒ Absorption coefficient at 0°probe orientation with respect to muscle fiber orientation for two different samples of chicken breast tissue. ͑b͒ Reduced-scattering coefficient at 0°p robe orientation with respect to muscle fiber orientation for the two samples. There was variability in absolute values between samples; however, the patterns persisted.
cients between the 0°and the 90°probe orientations was as much as 50%. The lower absorption coefficient at 0°than that at 90°was probably caused by the light-guiding effect of the muscle fibers. The space between the muscle fibers is occupied by blood capillaries of greater absorption. The percentage of the optical path inside the muscle fibers when the probe was parallel with the muscle fibers was probably greater than that when the probe was perpendicular, and led to a lower absorption coefficient. Since the extraction of absorption coefficient depended on diffusion theory for isotropic media, the anisotropy in the absorption spectra may have been caused by the diffusion theory. A more sophisticated model dealing with anisotropic media should be used to determine the absorption from the experimental data more precisely and would yield a decisive conclusion. The traditional Monte Carlo method 18, 19 can be extended to simulate anisotropic turbid media following the theoretical work for other media. 20 The relative difference in the measured reducedscattering coefficients between the 0°and the 90°p robe orientations was as much as 10%. The birefringence effect of the structural anisotropy is well known 21 but does not explain the large anisotropy in the absorption and the reduced-scattering coefficients because the light source and the detection system in our experimental system were unpolarized. However, the striated structure of the chicken muscle tissue was expected to cause different scattering properties along and perpendicular to the muscle fibers. The Mie theory for cylindrical scattering particles 22 may provide a modeling avenue for this anisotropic scattering problem.
We blended the chicken sample to compare the results obtained from structurally anisotropic tissues with those from a homogeneous sample of the same chicken tissue ͑Fig. 6͒. The absorption spectrum for homogenized chicken tissue was approximately equal to the average of the absorption spectra for 0°and 90°p robe orientation. The blue shift of the absorption peaks in the homogenized muscle tissue reflected the oxygenation of hemoglobin and possibly myoglobin during the homogenization procedure 23 in which the chicken tissue purée presented more tissue surfaces to the ambient air, resulting in the binding of oxygen.
The reduced-scattering spectrum for homogenized chicken breast tissue was greater than that for either 0°or 90°probe orientation, which was caused by the many added interfaces among the fragments of muscle and collagen created by blending the chicken tissue. The standard deviations in the measured absorption and reduced-scattering coefficients of homogenized tissue were approximately twice as much as those for the unhomogenized tissue and were presented as error bars in Fig. 6 . The greater errors may have been caused by the rough tissue surface in the homogenized form.
The optical properties of chicken tissue vary from sample to sample ͑Fig. 7͒. However, similar patterns and peaks persisted between different chicken samples. The differences in the coefficients most likely were due to biological variations and͞or preparation, such as prolonged freezing and thawing times that can lead to cell rupture.
Our algorithm to fit for the absorption coefficient was based on the diffusion theory for the propagation of light in a structurally isotropic media. Since chicken breast tissue was not an isotropic medium, our absorption measurements were somewhat approximate. However, the reduced-scattering coefficient was accurate since Eq. ͑9͒ was not based on the diffusion theory and the contribution from the absorption coefficient to the right side of Eq. ͑9͒ was insignificant. By comparison, normal-incidence reflectometry that has been developed so far is unable to detect the anisotropy in tissue optical properties.
In conclusion, this research has demonstrated the application of oblique-incidence fiber-optic reflectometry to measurements on biological tissues and the effect of structural anisotropy on the deduced optical properties. The relative difference in the measured absorption coefficients between the 0°and the 90°p robe orientations was as much as 50% and that in the measured reduced-scattering coefficients was as much as 10%. The anisotropic properties of some tissues will affect light-tissue interaction in both diagnostic and therapeutic aspects. Modeling with the anisotropic optical properties of tissues will more accurately simulate light propagation in the anisotropic tissues.
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